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Abstract 

We give a generic method to select a realistic /u-term generation 
mechanism based on the radiative electroweak symmetry breaking sce- 
nario and study which type is hopeful within the framework of string 
theory. We discuss effects of the moduli .F-term condensation and 
D-term contribution to soft scalar masses. 
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1 Introduction 



One of important problems in the supersymmetric standard model (SUSY- 
SM) is how a SUSY Higgs mass term, the /x-term, is derived naturally within 
the framework of supergravity (SUGRA). Because the //-term is not a soft 
SUSY breaking term and a natural order of such a mass [i is the gravitational 
scale M in SUGRAQ This problem is called the /i-problem [[]J . Some types of 
natural mechanisms of //-term generation have been proposed, e.g. the case 
with Kahler potential including a Higgs mixing term || and a superpotential 
including a suitably suppressed mass term || [I], H; HI • 

In addition to the supersymmetric mass term, soft SUSY breaking mass 
terms also contribute to the Higgs mass terms. Explication of SUSY break- 
ing mechanism is an important and unsolved problem. Superstring theory 
(SST) is only the known candidate for unified theory including gravity and 
is expected to give a natural solution due to some non-perturbative effects. 
Recently there have been various remarkable developments in studying non- 
perturbative aspects of SST ||, but SUSY breaking mechanism has not been 
fully understood yet. For the present, we can derive formulae for soft SUSY 
breaking terms assuming the existence of nonperturbative superpotential 
which induces SUSY breaking in string models |7], [|. Further these soft 
terms can be parametrized simply using several parameters in most cases. 
For example, under the assumption that only the dilaton field S and/or 
the overall moduli field T trigger SUSY breaking by their F-term conden- 
sations, soft scalar masses, gaugino masses and A-parameters are written 
model-independently by the gravitino mass m 3 / 2 and the goldstino angle 
9 in the case with the vanishing vacuum energy ||. We can extend such 



a parametrization into cases with several moduli fields |T0| , |TI |. On the 
other hand, the 5-parameter depends on the //-term generation mechanisms 
[§, |T2| . Therefore fi and B parameters are usually treated as arbitrary pa- 



rameters. The more arbitrary parameters exist, the harder we analyze and 
the less we have a predictivity. It is important to select /i-term generation 
mechanism in some way. 

In this paper, we study several //-term generation mechanisms based on 
the radiative breaking scenario of electroweak symmetry breaking within the 
framework of string theory. Examining the parameter space leading to sue- 



Through this paper, we take M = 1. 
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cessful electroweak symmetry breaking, we probe a realistic //-term genera- 
tion mechanism. We take into account D-term contributions to soft scalar 
masses [[TB|] in our analysis]] The reason is as follows. String models, in 
general, have extra gauge symmetries including an anomalous U(l) symme- 
try and extra massless matter fields other than the SUSY-SM ones. We 
can reduce gauge group and massless spectrum through symmetry breaking 



along flat directions JT6[. As discussed in recent papers |fL7| , sizable D-term 
contributions can appear through such flat direction breaking. 

This paper is organized as follows. In the next section, we give our basic 
assumptions, formulae of //-term and 5-term, and our strategy. In section 
3, we study several types of //-term generation mechanisms based on the 
radiative breaking scenario and show which type is hopeful. Section 4 is 
devoted to conclusions and discussions. 



2 Method of Analysis 
2.1 Basic assumptions 

We take the SUSY-SM with soft SUSY breaking parameters expected to 
be derived as a low-energy theory from orbifold models through flat direc- 
tion breaking as a starting point of our analysis. Let us first list our basic 
assumptions. 

1. The SUSY is broken by the F-term condensations of dilaton field S 
and/or moduli fields T m . 

2. The vacuum energy Vq vanishes, i.e., Vq = 0, at the tree level. 

3. For the third family of the quark doublet q^, the up-type singlet t and 
the Higgs doublet if 2, their modular weights are = —1. 

4. The top Yukawa coupling f t does not depend on moduli fields, i.e., 
df t /dT m = 0. 

5. The modular weight of the Higgs doublet Hi is —1 (or —2). 

t Study on the Higgs sector has been done, e.g. within the framework of string models 
without D-term contribution @ and SUSY grand unified theory (SUSY-GUT) with D- 
term contributions Jl5| . 
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6. The product H\H 2 of Higgs doublets is gauge invariant under all gauge 
symmetries which are broken along a flat direction. 



7. Effects of moduli-dependent threshold corrections for gauge couplings 
and gaugino masses are negligibly small. 

8. The Kac- Moody levels satisfy k a = 1. 

9. The gaugino masses M a , B and fi are all real. 

10. The dependence of dilaton and moduli fields is small in the //-parameter, 
i.e., dfi/dS,dfi/dT m < 1. 

The third and fourth assumptions can be justified from the fact that the 
coupling ft is strong and allowed as a renormalized coupling in the untwisted 
sector. 

Here we discuss the overall-moduli case (T = T\ = T 2 = T 3 ) for simplicity. 
Under the above assumptions, we can obtain the following formulae of soft 
scalar masses m^ 2 , the A-parameter A[ ^ among q 3} t and H 2 , and the 
gaugino mass M{1 

tt4° )2 = mg/ 2 (l + n k cos 2 9) + d k ml /2 , (1) 
Af ] = -V3m 3/2 e- ias sin 9, (2) 

(0) 
1/2 

where we use the following parameterization 



M[% = V3m 3/2 e- ias sin 9 (3) 



((K§y/ 2 F S ) = V3m 3/2 e ias sin 9, (4) 
((K^y/ 2 F T ) =m 3/2 e iaT cos9. (5) 

Here dkfn,^ 2 is a D-term contribution and we get the relation c^m 2 ^ + 
dH 2 m \/ 2 — from the assumption 6 and the fact that its contribution is 
proportional to broken diagonal charges of scalar field. The natural order of 



dk is expected to be 0(1) from some explicit models [17] . 

In the limit of the moduli dominant SUSY breaking, we can not neglect 
moduli- dependent threshold corrections, but we do not consider such a case 
for simplicity in this paper. 
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The top quark mass is given as mt(mt) = ft{mt)v\sm I3\/V2^ where 
tan/? = (h 2 ) / (hi) and v 2 = (h 2 ) 2 + (hi) 2 , (h^s are neutral components of 
ifj's.) We use the value m t = 175GeV as the top quark mass from the current 
experiments. Through our analysis, we take the gauge coupling unification 
scale Mx = 1-7 x 10 16 GeV as an energy scale where boundary conditions are 
imposed. Hence it is supposed that the above formulae (0)-(0) hold at M X - 

By the use of renormalization group equations (RGEs) of the SUSY-SM 
[ |T^ , |2(J, soft scalar masses of Hi and H 2 at the weak scale (we use the 
Z-boson mass Mz) are given as, 

m 2 Hi = hm 2 3/2 + dm 2 3/2 , (6) 

m H 2 = hm 2 3/2 - dm\ j2 (7) 

where 

h = 2.56 sin 2 6 + (1 +n Hl ) cos 2 9, (8) 

h = 2.56 sin 2 6 - 31% sin 2 9 (9) 

and d = dn 1 = —dn 2 - Here the second term in RHS of (|) represents the 
effect of the top Yukawa coupling and Is is a function of tan (3 (or the top 
Yukawa coupling). The values of at(= f 2 /4ir) and Je are given in Table 1. 



2.2 ^-parameter and 5-parameter 



Several types of solutions for the /i-problem have been proposed ||21|| . Here 
we explain some of them briefly and we give formulae of the 5-parameter for 
each /i-term generation mechanism. 

(/i-1) The /i-term \iz of 0{m 3 / 2 ) appears after SUSY breaking in the case 
where a Kahler potential includes a term such as ZHiH 2 @. In this case we 
have 

fi z = m 3/2 (Z)-(F T )(Z T ), (10) 



* The pole mass of top quark is related with the running mass as 

pole ( U1 . 4a 3 (m t ) 2 

m% =m t (m t )[l-\ \-0{oQ\. 

on 
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B z = 2m 3/2 + (F T ) (d T log » z n * +n « 
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(T + T*) 



m3/2 (F T )(Z T ). (11) 



HZ 

Hereafter we take Z = 1/(T + T*) and then \i z and B z are given as 

Hz = m 3/2 (l + e iaT cos6), (12) 

Bz = i I "Z 2 A 2 - «>sg(e- iar (l + n gl + n H2 ) - e *») 
1 + e lc * T cos 

-cos 2 fl(2 + n Hl +n H2 )}. (13) 

(/x-2) The /x-term /xa of 0(m 3 / 2 ) appears after SUSY breaking in the case 
where a superpotential W includes a term such as XWHiH 2 ||. Here is 
a superpotential which induces SUSY breaking. In this case we have 

fix = Am 3/2 , (14) 
B x = m 3/2 {2-e- iaT cos9(n Hl +n H2 -(T + T*)(d T \og\))}. (15) 

(/x-3) The /x-term /x M can be generated through some non-perturbative 
effects such as gaugino condensation || and it generally depends on the 
VEVs of S and T. In this case we have 

5 M = m 3 /2{-l-V3e- tos sin^l-(5' + 5'*)(95logM) 

-e— cos£(3 + n Bl + n H2 - (T + T*)(d T log^})}. (17) 

(/x-4) In the model with a singlet field iV which has a coupling f^NHiH 2 , 
the /x-term appears when the field iV develops its VEV at some lower energy 
scale near 0(m 3 / 2 ) 0. As a result, the 5-parameter can be generated from 
the A-term A N f N NH 1 H 2 . 

There can be an admixture of several /x-term generation mechanisms and, 
in this case, /x and B parameters are given as 

/^Mix = y] (is) 

V 

Buhc = Y.H P Bp/Y.Hq (19) 
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where the indices p and q run over all //-term generation mechanisms. 

Finally we discuss a multi-moduli case briefly. Z 2n and Z 2n x Zm orbifold 
models P2fl have U -type of moduli fields corresponding to complex structures 



of orbifolds [23| and a mixing term in the Kahler potential as 



1 



(T 3 + T 3 *)(U 3 + UI 



iH 1 H 2 + h.c 



(20) 



In this case, the Higgs fields Hi and H 2 belong to the untwisted sector. We 
assume F-terms of S, 7$ (i = 1, 2, 3) and U 3 contribute SUSY breaking and 
these are parametrized by m 3 / 2 , 9, 9 3 and 6' 3 following Refs.|| [10], |TT|| . Then 
the soft scalar masses, the /x-term and 5-term are written at the tree level 
as 



11, 14 



m 



m 



(0)2 
Hi 
(0)2 
H 2 



m 
m 



3/2 
2 

3/2 



[l -3 cos 2 6(0 2 3 + 0' 2 ))+ dm 
1 -3cos 2 6(Q 2 3 + 0' 2 )) -dm 



l 3/2' 
3/2? 



m = m 3/2 (l + V3cos6(e ia ^Q 3 + e^G'g)), 

HmB m = 2m 2 3/2 (l + V3cos6e ia ^e 3 )(l + y/SooaOe^e^). 



(21) 
(22) 
(23) 
(24) 



It is easy to show that Bm and reduce to Bz and fiz, respectively if we 
set 6 3 = l/y/3 and 6' 3 = 0. 

We give formulae of [i/m 3 / 2 and B/m 3 / 2 in Table 2. Here we choose 
e -ia s _ g-ja^ _ e totTi _ anc i = _x anc [ use this choice in our 

analysis. In general, the B/m 3 / 2 contains a small number of free parameters 
compared with /i/m 3 / 2 and so the analysis of B/m 3 / 2 can be more predictable. 



2.3 Strategy 

In this subsection, we give an outline of our strategy to probe /i-term gen- 
eration mechanism based on the radiative electroweak symmetry breaking 



scenario. The neutral fields h\ and h 2 have the following potential |24 

(fiBhih 2 + h.c.) 



V{ht,h 2 ) 



m 1 h 1 + m\h\ 



m-. 



= m 



Hi 



ni,, 



hi?, 



ni 



Hz 



(25) 
(26) 
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where all parameters correspond to the values at Mz- 
The condition for the symmetry breaking is given as 



(27) 



The bounded from below (BFB) condition along the D-fiat direction requires 

ml + m 2 2 > 2\fiB\. (28) 

Further the conditions that minimizing the potential are given as 

2fiB 



2 i 2 

m 1 + m 2 



m 



sin 2/3' 

- cos 2/3(M| + ml + m 



(29) 
(30) 



where we use the relation Ml = Mg 2 + g' 2 ^ " 2 



By the use of stationary conditions ( 
by other parameters (m 3 /2, cos#, tan/3, 



v 

and (0), \i and B are expressed 
, such that 



m 3/2 
\B\ 



( h 



h + 2d 



-h-h- 



M 



Z n2 



1/2 



y/2 V — COS 2/? 

sin 2(3 1713/2 ( h — h + 2d 



m 3 /2 J 
M z . 



(31) 
(32) 



m 3 / 2 2 \ -cos 2/3 m 3 / 2 / 

By the use of RGEs, we can obtain the \i and B parameters at Mx (they are 
denoted by n± and B± \ respectively.) as follows PU[, 



,/ 0) 

m 3 / 2 



iMl 



m 3 /2 
'a 2 (t z )\ 3/2 



1/22 



(l + Qa^Fitz)) 



a 



(0) 



(0) 



,1/4 



and 



(o) 
± 



151 



m 3 / 2 

AS = 3A\ 



m 3 / 2 m 3 / 2 
(o) a t 



(33) 
(34) 

(35) 



(0) Ffe) 



1 + 6a[ 0) F{t 



+M[% {t z (3a 2 (t z ) + |ai(t z )) 



3a f (0) (tzF'(t z )-F(t z )) 
l + 6ai 0) F(t z ) 



(36) 



where 



r,(°) 2 , , f (0)2 

a<0,s V- a '^^ (37) 



tz 



, , 1 Ml 

t z = (4 7 r)- 1 log^. (39) 

Here and are the gauge coupling and top Yukawa coupling at M x , 
respectively. 

By comparing B± /m.3/2 and fi±^ /m.3/2 derived from the stationary condi- 
tions of radiative breaking with B p /m 3 / 2 and /x p /m 3 / 2 (p = Z, A, fx, M) given 
in the last subsection, we can find allowable parameter regions for (m.3/2, 
cos#, 9 3 , 9' 3 , tan/3, d, A, leading to successful electroweak symmetry 
breaking and know which type of //-term generation mechanism is hopeful. 
Our strategy, 'bottom-up approach', is more generic and applicable than the 
usual one, 'top-down approach', where a realization of the radiative breaking 
scenario is examined by defining the parameters m|, \x and B at Mx and 
checking if the quantities renormalized at Mz satisfy stationary conditions 

m-m). 



3 Which /i-term is hopeful? 

In this section, we examine which type of /x-term generation is hopeful by tak- 
ing the cases (/x-l)-(/x-3) as examples and comparing B± / 7113/2 and /x± /m.3/2 
with B p /rri3/2 and /x p /m 3 / 2 determined by /x-term generation mechanism. We 
also give remarks of several extensions. For our analysis, it is convenient to 
define the following functions, 

B ±p = B^ - B p , (40) 

/X±p EE ii£ 0) - /X p . (41) 

The B± p and /x_t p should be satisfied the conditions B± p = and \i± v = by 
definition if we assume the radiative breaking of electroweak symmetry and 
the p-th type of /x-term generation mechanism. 
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3.1 Dilaton dominant case 

First we give allowed regions for B^/m 3 / 2 and fi^ /m 3 / 2 in the limit of 
dilaton dominant SUSY breaking in Fig.l and 2, respectively. The ranges of 
/m.3/2 and /m 3 / 2 are —0.74 ~ 0.70 and —3.51 ~ —1.45. The ranges 

of nf ] /m 3/2 and are 3.20 ~ 4.98 and -4.98 ~ -3.20. Here we 

take 2 < tan/? < 100, d = and m 3/2 > 50GeV. The value tan (3 = 2 (10) 
corresponds to si 0) /m 3/2 = 0.70 (-0.74), /m 3/2 = -3.51 (-1.45) and 

/m 3 / 2 = ±4.98 (±3.20). The inequality m 3 / 2 > 50GeV is derived from 
the phenomenological constraint mg > 84GeV when n e = —1. The Fig. 3 
shows an allowable region of (B±^ /m 3 / 2 , d) in the limit of m 3 / 2 3> M^. In 
this way, we come to a conclusion that the /z-term generation mechanism can 
be realistic if the values of B p /m 3 / 2 and n P /m 3 / 2 hit the above ranges. 

We study the first case (/x-1). It is shown that there is no region satisfying 
B±z = with d = from Fig.l and B z /m 3 / 2 = 2. When tan (3 = 1.33, there 
is a solution of B±z = 0. However, in this case, it is not realistic since the top 
Yukawa coupling blows up below M X - This result is consistent with those 
in Ref. ||14|| . Further we find no region satisfying fi±z = with d = from in 



Fig. 2 and Hz/ m 3/2 = 1- As discussed in Ref . [fL7|l , D-term contribution can 
survive even in the limit of dilaton dominant SUSY breaking if string model 
contains an anomalous U(l) symmetry which is cancelled by the Green- 
Schwarz mechanism On the other hand, D-term contributions related 



to anomaly-free symmetries vanish at the tree level in the limit of dilaton 
dominant SUSY breaking. If we assume the existence of D-term contribution, 
there appears a region consistent with the condition B±z = 0. However it is 
a very narrow region with a relatively large positive value of d. For example, 
the region with tan (3 ~ 2 and d ~ 7 is allowed as given in Fig.3. On the other 
hand, negative D-term contribution is needed to lower the value of /x+V m 3/2- 
Hence it is impossible to realize these /i-term generation even with D-term 
contribution. 

In the second case (/i-2), we get the same result for D-parameter as the 
first one. On /^-parameter, we can estimate the value of A using the condition 
fi±x = 0. Hence the radiative breaking scenario can be realized in the models 
with a relatively large positive D-term contribution, i.e., d = O(10). 



§ In the case that we take a larger tan/3, it is necessary to incorporate the contribution 
of Yukawa couplings other than top quark neglected here. 



9 



In the third case (/x-3), we have a solution even in the absence of D- 
term contribution. The allowable region of (777.3/2, tan /3) is given in Fig.4. 
The favorable value is tan/5 < 2.8 with d = 0. The introduction of D- 
term contribution yields tan/3 > 2.8. The /i-parameter is treated as a free 
parameter as well as the second one since the origin is unknown. 

3.2 Dilaton and overall moduli case 

We consider the effect of overall moduli F-term condensation. We have the 
same qualitative result for cos 6* / as the dilaton dominant case. That 
is, there is no allowed region in the first case, but very narrow region exists 
with large positive d in the second case and there exists an allowed region 
with natural values of (m.3/2, tan/3, d) in the third case. The above fact 
can be understood by the use of the Eqs. (|3T|)-(|3"9"D directly. That is, both 
fi±/ 1713/2 and are proportional to | sin 6* | in the absence of D- 

term contribution and the limit m^ 2 ^> M§, and so they decrease as cos 2 # 

increases. Hence it is impossible to satisfy B±^ = in the first and second 
case with d = 0. The introduction of d does not improve the situation 
drastically. 

3.3 Remarks of extension 

We discuss a multi- moduli case (|273|)-(|24|). For the case with 3 = and 
3 = 0, we have no allowable regions for B± = and /i± = because this 
case corresponds to the first case (/a-1). We can check that there exists an 
allowable region with tan/3 = 2, 9 3 = Q' 3 = 0.38 and cos 2 9 = 0.99. 

We can carry out the case with nn 1 = —2. For tan/3 = 2 and d — 0, 
we find the following fact. Compared with the case with nn x = —1, the 
value of -E>i°V m 3/2 and -B+V m 3/2 decreases and increases, respectively and 
the absolute value of /x± / m 3/2 decreases. The difference between the values 
in the case with nn 1 = —1 and = —2 increases as cos 2 9 increases. Hence 
the similar conclusion holds for the reality of the radiative breaking scenario 
as the dilaton dominant case with nn 1 — — 1. 

In the case of an admixture of several //-term generation mechanisms, 
we need a dominant contribution of the third mechanism (/x-3) to get an 
allowable region with natural values of (m 3 / 2 , cos^, tan#, d). 
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We discuss the case (/x-4). As we have an extra light singlet field N, 
the RG flows of m 2 H and m 2 H2 should be modified owing to the effect of the 
Yukawa coupling f N . This case can be applied to a similar strategy discussed 
in the last section. The difference is that B±^ receives RGE effects as an A- 
parameter above Mz and so we must compare the renormalized quantity with 
not i?-parameter but A N at M X - It is not discussed here further because the 
renormalized quantity contains an unknown parameter f^. 



4 Conclusions and Discussions 

We have given a generic method to select a realistic ^i-term generation mech- 
anism based on the radiative electroweak symmetry breaking scenario and 
studied which type is hopeful within the framework of string theory. The /i- 
term generated by some non-perturbative effects, i.e., (/i-3), can be hopeful 
to realize the radiative symmetry breaking scenario even in dilaton dominant 
supersymmetry breaking. We have discussed effects of the moduli F-term 
condensation and D-term contribution to soft scalar masses. In the case of 
overall moduli, we have the same qualitative result as in the limit of dila- 
ton dominant SUSY breaking, that is, the first mechanism is impossible to 
realize the radiative scenario, the second one is required to a large D-term 
contribution of O(10my 2 ) and the third one is hopeful. 

Our method to select a realistic /i-term generation mechanism is so generic 
and powerful that we can apply it to the case with an improvement of approx- 
imation and more complex situations. For example, the improvement by the 
incorporation of 1-loop effective potential ||26|| , the case with a large tan /3, the 



case with large moduli-dominant threshold corrections for gaugino masses, 
other assignments of modular weight for matter fields and the modular dom- 
inant SUSY breaking case.[] In the above situations, extra contributions Ah 
and Ah are added to Eqs.(Q) and ([]), respectively. These studies have to be 
considered systematically to select a realistic string model. 

^ In n and B are studied in the multi- moduli case with a large non-universality 
between Higgs masses. 
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Table Captions 



Table 1 The values of a t and 1%. Here we use m t = 175GeV, i.e., m t (m t ) = 
167.2GeV and a[ 0) = a t (M x ). 

Table 2 The formulae of /jL p /m 3 / 2 and B p /m 3 / 2 . The second column shows the 
dilaton dominant SUSY breaking case and the third one is the dilaton 
and overall moduli mixed case. Here we take modular weights uh x = 
n H2 = -1. 



Table 1 



tan /3 


a t (m t ) 


o 

a\ 


In 


2 


9.16 x 10" 


-2 


1.11 x 10- 


-l 


4.179 


3 


8.14 x 10" 


-2 


4.03 x 10- 


-2 


4.140 


4 


7.79 x 10" 


-2 


3.20 x 10- 


-2 


4.104 


5 


7.62 x 10- 


-2 


2.90 x 10- 


-2 


4.083 


10 


7.40 x 10- 


-2 


2.56 x 10- 


-2 


4.051 



Table 2 





Dilaton dominant 


Dilaton and Moduli 


Hz/m 3/2 


1 
A 
1 


i ± cos e 

A 

i± ^^^(ea + e' 3 ) 


B z /m 3 / 2 
B\/m 3/2 
B lx /m 3/ 2 

B M i x / m 3 / 2 


2 
2 

2 

2m 3/2 (l+A)-// M (l±v / 3) 


2 

2 ± 2 cos 9 

— 1 — v^3sin^ =)= cos 6 

(i± v^cos 0e 3 )(i±V3 cos ee' a ) 

l±A/3cos6»(03+e 3 ) 
2m 3/2 (1+A) (licos 0)-/^ (l+Vs sin 6»=fcos 6) 


m 3/2 (l+A)+^ M 


m 3 / 2 (l±cos 0+A)+/u M 
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Figure Captions 

Figure 1 The values of B±* /m 3 / 2 versus m 3 / 2 with cos# = d = 0. 

Figure 2 The values of / u±" ) / m 3/2 versus 7/3/2 with cos# = d = 0. 

Figure 3 The values of B±^ /m 3 / 2 versus d with cos# = in the limit of m 3 / 2 3> 
M z . 

Figure 4 The values of tan/3 versus m 3 / 2 with cos# = d = 0. 
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